In this paper, an analysis for the Shannon channel capacity of digital receivers operating over η-µ fading channels is presented under four adaptive policies: constant power with optimal rate adaptation, optimal power and rate adaptation, channel inversion with fixed rate and truncated channel inversion with fixed rate. In this context, useful formulae for the average channel capacity for maximal-ratio combining (MRC) receivers with not necessarily identically distributed branches are derived. The analysis also includes the performance of single-branch receivers. These expressions provide an effective tool to assess the spectral efficiency of the aforementioned adaptive transmission techniques over practical fading channels. Our newly derived expressions include several special cases that arise from the η-µ distribution, namely the Nakagami-m and the Hoyt distribution. Extensive numerical and computer simulation results are also presented that illustrate the proposed mathematical analysis.
previously mentioned distributions, in some specific situations none of the above distributions seem to adequately fit experimental data. Interestingly enough, in some researches the use of the Nakagami-m distribution has been questioned because its tail does not seem to yield a good fitting to experimental data [1] .
Recently, the so-called η-µ fading distribution has been proposed as an alternative model for practical fading radio channels [2] . The η-µ distribution is quite general as it includes the Hoyt and the Nakagami-m distributions as special cases and has recently gained interest in the field of digital communications over fading channels [3] [4] [5] . Besides, it fits well to experimental data and can accurately approximate the sum of independent non-identical Hoyt envelopes having arbitrary mean powers and arbitrary fading degrees [6] . Given the appropriateness of this distribution for characterizing real-world wireless communication links, it is appealing to investigate the capacity of these channels.
Various works available in the open technical literature study the spectral efficiency of adaptive transmission techniques over fading channels. Representative past works can be found in [7] [8] [9] . For example in [7] , an extensive analysis of the Shannon capacity of adaptive transmission techniques in conjunction with diversity combining over Rayleigh fading channels has been presented. Moreover in [8] , by assuming maximum ratio combining diversity (MRC) reception under correlated Rayleigh fading, closed-form expressions for the single-user capacity were presented. Finally, in [9] the capacity of generalized-K fading channels under different adaptive transmission techniques was studied in detail.
In this paper we provide a thorough analysis of the capacity of η-µ channels under different adaptive transmission techniques. Both single-antenna and MRC diversity systems with not necessarily identically distributed (n.i.d.) branches are considered. Moreover, we show that when the shaping parameters of the η-µ probability density function (PDF) take certain special values, closed form expressions for the capacity may be obtained. The adaptive transmission schemes under consideration are optimal simultaneous power and rate adaptation (OPRA), optimal rate adaptation with constant transmit power (ORA), channel inversion with fixed rate (CIFR) and truncated channel inversion with fixed rate (TCIFR) [10] [11] [12] . The ORA scheme achieves the ergodic capacity by using variable-rate transmission relative to the channel conditions while the transmit power remains constant. The OPRA scheme also achieves the ergodic capacity of the system by varying the rate and power relative to the channel conditions, which, however, may not be appropriate for applications requiring a fixed rate. Finally, the CIFR and TCIFR schemes achieve the outage capacity of the system, defined as the maximum constant transmission rate that can be supported under all channel conditions with some outage probability [11] , [12] . It is noted that the formulation presented herein is general and exact and comprises all of the other special cases that arise from the η-µ distribution, namely the Nakagami-m and the Hoyt distributions.
The remainder of this paper is structured as follows: In Section II the channel model is described in detail. Section III presents the derivation of analytical expressions for the channel capacity in the case of ORA scheme for both single antenna and MRC systems. The case of OPRA scheme is dealt with in Section IV. Section V and VI discuss the cases of the CIFR and TCIFR schemes, respectively. Numerical and computer simulation results are given in Section VII while the paper concludes with a summary given in Section VIII.
II. SYSTEM AND CHANNEL MODEL
We consider an L-branch MRC receiver operating in an η-µ fading environment. Assuming that signals are transmitted through independently distributed branches, the instantaneous signal-tonoise ratio (SNR) of the combiner output is given by γ = L i=1 γ i where γ i is the instantaneous SNR of the i-th branch. The PDF of γ i may be expressed in two formats. In Format 1,the parameter 0 < η < ∞ denotes the ratio between the in-phase and quadrature components of the fading signal within each cluster,which are assumed to be independent from each other and to have different powers. In Format 2, −1 < η < 1 denotes the correlation between the powers of the in-phase and quadrature scattered waves in each multi-path cluster. In both formats, the parameter µ > 0 denotes the number of multi-path clusters.
The PDF of γ i can be expressed as [3, Eq.(3)]:
where 
is reduced to the Hoyt distribution whereas for η → 0, η → ∞, η → ±1 it is reduced to the Nakagami-m distribution.
The moment generating function (MGF) of γ, defined as M γ (s) = E exp(−sγ) , with the help of [5, Eq. (6) ] can be expressed as :
where C kj , D kj are the residues of M γ (s) to the poles −A k and −B k , respectively, with multiplicity j. The residues C kj , D kj can be calculated as
It is also noted that for independent and identically distributed (i.i.d.) η-µ channels with arbitrary fading parameters, the PDF of γ is an η-µ distribution with parameters η, Lµ and Lγ [14] .
III. OPTIMAL RATE ADAPTATION WITH CONSTANT TRANSMIT POWER
Under the ORA policy, the capacity is known to be given by [7] 
It is noted that C ORA was introduced by Lee in [15] as the average channel capacity of a flat-fading channel, since it is obtained by averaging the capacity of an AWGN channel C awgn = log 2 (1 + γ) over the distribution of the received SNR γ.
A. No diversity-MRC diversity with i.i.d. branches
For arbitrary η and µ, infinite series representations of the capacity have been presented in [3, Eq. (4)]. This result is given in terms of the well-known Meijer-G functions [13 
One may easily observe that (7) may readily be obtained from (3) by setting L = 1 and with the help of (4) and (5). In order to obtain a closed form for the capacity, integrals of the form
where x > 0 and n integer, need to be evaluated. Using [7, Appendix B], the above integral can be solved in closed form as
where Γ(·, ·) is the incomplete gamma function [13, Eq. (8.350.2) ]. Using (9), the capacity can be expressed as
B. MRC diversity with n.i.d. branches
For integer values of µ , = 1, · · · , L using (3) as well as (9) the capacity may be expressed in closed form as:
IV. OPTIMAL SIMULTANEOUS POWER AND RATE ADAPTATION For optimal power and rate adaptation (OPRA), the capacity is known to be given by [7, Eq.
where γ 0 is the optimal cutoff SNR level below which data transmission is suspended. This optimal cutoff SNR must satisfy the equation [7, Eq. (8) ]
Since no data is sent when γ < γ 0 , the optimal policy suffers a probability of outage P out , equal to the probability of no transmission, given by
A 
where
is the Meijer-G function. The optimal cutoff SNR γ 0 may be obtained from (13) by using an infinite series representation of the modified Bessel function and the definition of the incomplete gamma function as the solution of the equation
where the function F(·, ·, x) is defined as
It is noted that (16) may be numerically solved with the help of any commercial software mathematical package, such as Maple or Mathematica.
In the following analysis, we assume integer values for µ . Substituting (3) into (12) , and by performing the change of variables
where x > 0 and n positive integer, need to be evaluated. Using [7, Appendix A], the above integral can be solved in closed form as
Using (19), the capacity may be obtained in closed form as:
The optimal cutoff SNR, γ 0 , may be obtained by substituting (3) into (13) and with the help of the definition of the incomplete gamma function as the solution of the equation
Similarly to the previous case, (21) may be easily numerically solved by means of any commercial software mathematical package.
V. CHANNEL INVERSION WITH FIXED RATE
Channel inversion with fixed rate is the least complex technique to implement, assuming good channel estimates are available at the transmitter and receiver. This technique uses fixedrate modulation and a fixed code design, since the channel after channel inversion appears as a time-invariant AWGN channel. The channel capacity is given by
By substituting (1) to (22), the following integral needs to be evaluated, for arbitrary values of µ and η: 
where 2 F 1 (·, ·; ·; x) is the Gauss hypergeometric function [13, Eq. (9.100)]. Hence, the capacity can be evaluated in closed form as
For the special case of Rayleigh fading channels (µ = 1,
for Format 2) we will prove that the capacity is zero. Using the identity [16, Eq. (7.3.2.83)]
we observe that:
This result is in agreement with the result presented in [7] for the case of CIFR policy.
B. MRC diversity with n.i.d. branches
Similarly to the previous section, integer values for µ are assumed. Substituting (3) into (22),
f γ (γ) dγ appearing in (22) may be evaluated as: 
where C is the Euler − Mascheroni constant [18, Eq. (6.1.
3)], as well as the fact that N (µ, η) may be evaluated as follows:
VI. TRUNCATED CHANNEL INVERSION WITH FIXED RATE
The CIFR policy suffers a large capacity penalty relative to the other techniques, since a large amount of the transmitted power is required to compensate for the deep channel fades. A better approach is to use a modified inversion policy which inverts the channel fading only above a fixed cutoff fade depth γ 0 , which we shall refer to as TCIFR. The capacity with this truncated channel inversion and fixed rate policy is given by
where P out is the outage probability given by (14) .
A. No diversity-MRC diversity with i.i.d. branches
For arbitrary values of η and µ, the outage probability may be obtained with the help of (14) by using an infinite series representation for the modified Bessel function and the definition of the incomplete gamma function as
Using a similar methodology, the integral P(η, µ)
f γ (γ) dγ appearing in (30) may be evaluated as:
and therefore an analytical expression for C T CIF R may be obtained.
B. MRC diversity with n.i.d. branches
Under the assumption of integer values for µ , using (3) and the definition of the incomplete gamma function, the integral P(η, µ) may be evaluated in closed form as follows:
and therefore a closed-form expression for C T CIF R may be obtained. The corresponding outage probability may easily be obtained from (3) as for η = 2, and µ = 1, 2 As expected, C ORA improves with an increase of γ (1) and/or or a decrease of µ. Furthermore, as it is evident, the incorporation of MRC diversity reception schemes significantly enhances the capacity of the considered system. In the same figure, equivalent computer simulation results obtained via monte carlo simulations are also included and as it can be observed, an excellent match with the analytically obtained results is obtained, thus verifying the correctness of our analysis. Fig. 2 depicts the channel capacity as a function of γ 1 for the OPRA scheme with MRC diversity for η = 2, and µ = 1, 2. As it can be observed, the OPRA scheme yields a small increase in capacity over just rate adaptation, and this small increase in capacity diminishes as γ 1 increases. The corresponding outage probability evaluated for the optimal cutoff SNR given by (16) and (21) is also presented in Fig. 3 . Moreover, it can be observed that as the number of combining branches increases the capacity difference between optimal power and rate adaptation versus optimal rate adaptation alone becomes negligible for all values of γ 1 . As in the case of the OPRA scheme, computer simulation results are included and an excellent match with the analytically obtained results is observed. Moreover, for the case of single-antenna systems, the infinite series appearing in (15) and (16) converge rapidly and steadily requiring only a few terms to obtain a desired accuracy. For example, in order to obtain an accuracy equal to the sixth significant digit, ten terms are required.
In Fig. 4 the channel capacity as a function of γ 1 for total channel inversion and MRC diversity for η = 2, µ = 1, 2 is depicted. As it can be observed, the capacity with total channel inversion and two-branch MRC exceeds that of a single-branch system with OPRA scheme. Therefore,
given the fact that channel inversion is the least complex technique, a tradeoff of complexity and capacity for the various adaptation methods and diversity-combining techniques exists. 
